This is the fifth in a series of papers studying the astrophysics and cosmology of massive, dynamically relaxed galaxy clusters. Our sample comprises 40 clusters identified as being dynamically relaxed and hot in Papers I and II of this series. Here we use constraints on cluster mass profiles from X-ray data to test some of the basic predictions of cosmological structure formation in the Cold Dark Matter (CDM) paradigm. We present constraints on the concentration-mass relation for massive clusters, finding a power-law mass dependence with a slope of κ m = −0.16 ± 0.07, in agreement with CDM predictions. For this relaxed sample, the relation is consistent with a constant as a function of redshift (power-law slope with 1 + z of κ ζ = −0.17 ± 0.26), with an intrinsic scatter of σ ln c = 0.16 ± 0.03. We investigate the shape of cluster mass profiles over the radial range probed by the data (typically ∼ 50 kpc-1 Mpc), and test for departures from the simple Navarro, Frenk & White (NFW) form, for which the logarithmic slope of the density profile tends to −1 at small radii. Specifically, we consider as alternatives the generalized NFW (GNFW) and Einasto parametrizations. For the GNFW model, we find an average value of (minus) the logarithmic inner slope of β = 1.02 ± 0.08, with an intrinsic scatter of σ β = 0.22 ± 0.07, while in the Einasto case we constrain the average shape parameter to be α = 0.29 ± 0.04 with an intrinsic scatter of σ α = 0.12 ± 0.04. Our results are thus consistent with the simple NFW model on average, but we clearly detect the presence of intrinsic, cluster-to-cluster scatter about the average.
INTRODUCTION
The CDM paradigm, within which the majority of matter in the Universe is weakly interacting, has enjoyed great success in explaining astrophysical and cosmological data. The inclusion of CDM in the now standard ΛCDM cosmological model makes clear predictions for, among other things, the mass function of gravitationally collapsed structures (e.g. Jenkins et al. 2001; Evrard et al. 2002; Tinker et al. 2008) , the ratio of baryonic mass to CDM in galaxy clusters (e.g. Eke et al. 1998; Kay et al. 2004; Borgani & Kravtsov 2011) , and the distribution of mass within the structures that form hierarchically in the Universe (e.g. Bullock et al. 2001; Navarro et al. 2004 Navarro et al. , 1997 Gao et al. 2008) . Observations testing the predicted mass function and cluster baryon ⋆ E-mail: amantz@slac.stanford.edu fraction have largely validated CDM (e.g. White et al. 1993; Bahcall & Fan 1998; Reiprich & Böhringer 2002; Ettori et al. 2003 Ettori et al. , 2009 Allen et al. 2004 Allen et al. , 2008 Allen et al. , 2011 Vikhlinin et al. 2009; Mantz et al. 2010 Mantz et al. , 2015b Rozo et al. 2010; Sehgal et al. 2011; Benson et al. 2013; Hasselfield et al. 2013; Planck Collaboration 2014 .
Observational tests of the distribution of mass within bound structures is in some ways more challenging, requiring spatially resolved measurements of the gravitational potential of objects whose mass is predominately dark. Nevertheless, an extensive body of work now exists, using primarily X-ray and gravitational lensing observations of galaxy clusters (Vikhlinin et al. 2006; Voigt & Fabian 2006; Zhang et al. 2006; Schmidt & Allen 2007; Mandelbaum et al. 2008; Host & Hansen 2011; Newman et al. 2013; Okabe et al. 2013; Du et al. 2015; Merten et al. 2015; Shan et al. 2015; van Uitert et al. 2016) . In this work, we revisit the subject using Chandra X-ray observations of a sample of massive, highly dynamically relaxed clusters. Although not representative of the cluster population at large, these systems are an ideal laboratory for deriving three-dimensional mass profiles based on observations of the intracluster medium (ICM) because departures from hydrostatic equilibrium and systematics due to projection are minimized. Both simulations and direct calibration using weak gravitational lensing indicate that the overall bias in Chandra X-ray mass estimates for this sample is small ( < ∼ 10 per cent; Nagai et al. 2007; Applegate et al. 2016) . The specific features of the cluster mass distribution that we consider here are (1) the concentration parameter of cluster mass profiles, and its dependence on mass and redshift; and (2) the shape of mass profiles, in particular departures from the baseline model defined by Navarro, Frenk, & White (1997) (hereafter NFW) .
The selection of the sample of massive, relaxed clusters employed here is detailed in the first paper in this series (Mantz et al. 2015a ; hereafter Paper I). Papers II, III and IV (Mantz et al. 2014 (Mantz et al. , 2016 Applegate et al. 2016) employ Chandra data for this sample to respectively constrain cosmological parameters, through gas-mass fraction measurements; scaling relations and thermodynamics of the ICM; and the average bias of the X-ray mass determinations.
Section 2 reviews our procedure for constraining cluster mass profiles from X-ray data, for which complete details are available in Papers II and III, and introduces the specific mass models employed in this work. In Section 3, we review the specific predictions of CDM for cluster mass profile concentrations and shapes, present our results, and compare them to others in the literature. Section 4 summarizes our conclusions. We assume a concordance flat ΛCDM cosmology with h = 0.7 and Ωm = 0.3 throughout. Unless otherwise noted, quoted parameter uncertainties correspond to the maximum-likelihood (i.e. shortest) interval enclosing 68.3 per cent posterior probability, and best-fitting values are the posterior modes.
DATA AND ANALYSIS
This work employs the sample of 40 massive, dynamically relaxed galaxy clusters identified in Papers I and II (Table 1) . For our purposes, dynamical relaxation was defined quantitatively in terms of X-ray image features, specifically the sharpness of the surface brightness peak and the alignment and symmetry of a series of standardized cluster isophotes; in addition all clusters in the sample must have an emissionweighted temperature of > 5 keV outside of their cores. The procedure for cleaning and fitting the Chandra data for these clusters is described in detail in Paper II; in Paper III the data reduction was updated to use a newer version of the Chandra calibration files (specifically caldb 1 4.6.2), and we use that version of the data reduction here. A complete list of the specific OBSIDs included in the analysis can also be found in that work. Note that, while the data for each of these 40 clusters can constrain the 2-parameter NFW mass model, the 3-parameter models discussed below can be con- strained for only a subset of entire sample (see Sections 3.2 and 3.3).
As in our previous papers, the spectral analysis of the X-ray data here involves a deprojection, assuming spherical symmetry and hydrostatic equilibrium, in order to infer the 3-dimensional properties of the hot gas and gravitating matter in the clusters. We consider three parametric models for the total mass profiles of clusters: the standard NFW profile, whose results were previously presented in Papers II and III; a generalized NFW (GNFW) profile, in which the power-law slope of the density profile at small radii is a free parameter; and the Einasto profile (Einasto 1969) , which provides a more accurate description of simulated halos than the other two options, particularly at small radii (Navarro et al. 2010 ). Up to normalizing factors, the density profiles associated with these models are ρNFW(r) ∝ r rs
ρGNFW(r) ∝ r rs −β 1 + r rs
where rs and r−2 are scale radii. Figure 1 shows how the shapes of the GNFW and Einasto models differ from the NFW profile. Note that, while the NFW model is a special case of the GNFW profile with β = 1, no value of α makes the Einasto profile completely equivalent to NFW, although values of α ≈ 0.2-0.3 can closely approximate it over the radial range probed by our data (roughly 0.1 < ∼ r/rs < ∼ 1.5, in terms of the NFW scale radius).
The spectral analysis itself uses xspec, within which we have modified the clmass model (Nulsen et al. 2010) to include the GNFW and Einasto mass profiles in addition to NFW. This model treats the cluster ICM as a series of concentric, isothermal spherical shells of gas, in hydrostatic equilibrium with the gravitational potential given by one of the above parametric mass profiles. We simultaneously model absorption from Galactic hydrogen and, where necessary, the presence of foreground emission from the Galactic halo and/or the local bubble. Complete details of these aspects of the analysis can be found in Paper II. For every cluster, we identify and exclude from the analysis a central region, typically 50 kpc in radius, where visible features in the ICM indicate that the assumptions of spherical symmetry and hydrostatic equilibrium are not met. This limits the radial range over which we can draw conclusions about the shape of the mass profiles, in particular excluding the central galaxies of each cluster, where the contribution of cold gas and stars to the total mass may be significant (e.g. Newman et al. 2013) . The outer radius used in our analysis is set by the need to measure temperature profiles without background modelling dominating the uncertainties (see Paper II). The specific radial range for each cluster over which the mass profiles are constrained is listed in Table 1 .
For each cluster and each mass model considered, our spectral analysis produces a Markov chain of the parameters of interest, for which the density of samples is proportional to the joint posterior density of the parameters. Rather than summarize these results by, e.g., a mean and standard deviation, we continue to use the full set of samples when constraining properties of the ensemble of clusters (e.g. the concentration-mass relation) in Section 3. In detail, the samples for each cluster are importance weighted and then directly numerically integrated over to provide a likelihood for the hierarchical model being fitted. This is especially important for constraining the distributions of the GNFW and Einasto shape parameters, as the posterior distributions of these parameters for individual clusters are frequently poorly constrained and highly asymmetric (Table 1) .
We additionally calculate central cooling luminosities (L cool ) for each cluster in the sample. These we define as the bolometric luminosity emitted within the radius where the cooling time equals 5 Gyr. The cooling time is calculated as
where T is the ICM temperature; ne, nH and ntot are the number densities of electrons, protons and all particles; Z is the metallicity; and Λ(T, Z) is the cooling function. These calculations are based on spectral analyses of each cluster that do not assume equilibrium or a particular underlying mass profile, using instead the projct model in xspec, as presented in Paper III. Like total luminosity, L cool displays an overall trend with mass; fitting a power-law plus lognormal intrinsic scatter model, we find L cool 10 45 erg s −1 = (2.9 ± 0.3)
with a log-normal scatter of 0.70 ± 0.09.
RESULTS AND DISCUSSION
This section presents our results and discusses them in the context of CDM predictions and other measurements in the literature. In Section 3.1, we assume the NFW mass model and investigate the mass and redshift dependence of cluster concentrations. Sections 3.2 and 3.3 respectively consider the GNFW and Einasto generalizations to the NFW profile.
NFW Concentration-Mass Relation
The concentration of mass within an NFW halo can be described by the parameter c = r200 rs ,
where r200 is the radius within which the mean enclosed density is 200 times the critical density of the Universe at a cluster's redshift. Numerous dark-matter-only simulations have shown that the concentration of halos is expected to vary with both redshift and mass on average, and to have an intrinsic scatter of ∼ 20 per cent driven primarily by differences in accretion history (Navarro et al. 1997; Bullock et al. 2001; Zhao et al. 2003 Zhao et al. , 2009 Tasitsiomi et al. 2004; Neto et al. 2007; Gao et al. 2008; Duffy et al. 2008; Klypin et al. 2011 Klypin et al. , 2016 Ludlow et al. 2012 Ludlow et al. , 2014 Prada et al. 2012; Dutton & Macciò 2014) . Early work suggested a scaling relation similar to c ∝ (1 + z) −1 M −0.13 (Bullock et al. 2001 ). More recent work revealed that the dependence on both mass and redshift is reduced for the most massive (i.e., cluster-scale) halos (e.g. Gao et al. 2008; Klypin et al. 2011; Prada et al. 2012) , largely because these halos are preferentially recently formed (e.g. Ludlow et al. 2014) . Ludlow et al. (2012) have shown that selecting the most dynamically relaxed halos from simulations recovers a power-law with mass out to the largest masses. Our current understanding, at least on the basis of N-body simulations, is that concentrations for individual clusters grow steadily as they accrete through minor mergers, but that sufficiently disruptive mergers can "reset" the concentration parameter to lower values (c ∼ 3), with the overall trends largely reflecting differences in the typical accretion histories of halos as a function of mass and redshift (Ludlow et al. 2012; Klypin et al. 2016) .
By construction, our sample contains only the most dynamically relaxed, massive clusters at any redshift. We therefore expect their accretion histories at the time of observation to be similar, and in particular that the time since the last major merger is significant in dynamical terms. As a consequence, we do not necessarily expect the redshift dependence found in simulations for all halos to apply to our sample, since it must partially reflect evolution in the rate of major mergers that will not be present in our sample. It therefore makes sense to consider models where both the dependence on mass and redshift are free parameters,
Our model also includes as a free parameter a log-normal intrinsic scatter in concentration, σ ln c , which is assumed to have the same value at all masses and redshifts. The concentrations and masses of our clusters, derived from fitting the NFW profile, are shown in the left panel of Figure 2 . Note that the measurement correlation between M200 and c is typically strong, as illustrated by a joint constraint ellipse for the case of RX J1347.5−1145, and that this correlation is accounted for by our fitting method (Section 2). Fitting the model of Equation 5, we find κm = −0.16 ± 0.07 and κ ζ = −0.17 ± 0.26. A dependence on mass, consistent with the expectation from simulations, is detected at ∼ 2σ significance, while the redshift dependence is consistent with zero. We find an intrinsic scatter of σ ln c = 0.16 ± 0.03, somewhat smaller that the ∼ 0.2 scatter found for all halos in simulations. The results are consistent with the notion that our sample consists of highly relaxed clusters, for which we expect a power-law with mass to hold even at the highest masses, with a smaller intrinsic scatter than the full population. This is reinforced by the fact that our concentrations are on average greater than those in simulations at the same masses. Selecting relatively relaxed halos from simulations based on the absence of substructure and the ratio of kinetic to potential energy, Ludlow et al. (2012) find median concentrations of 4-5 in the mass range considered here, consistent with our observed clusters being typically more relaxed than the halos they selected.
2 These authors also find a clear correlation between halo concentration and the time since "formation", operationally defined as the time when the halo reaches half of its final mass (see also Wechsler et al. 2002) . Taking their z = 0 and z = 1 results as a guide, our measured concentrations in the range 5-8 place the clusters' formation times approximately between redshifts 1-2. Our selection of the most relaxed systems is also plausibly responsible for a reduced redshift dependence (κ ζ consistent with zero) compared with all clusters in simulations. The right panel of Figure 2 shows the residuals from the best-fitting concentration-mass relation as a function of central cooling luminosity (as a proxy for the importance of non-gravitational physics), with the latter also expressed as a residual from the best-fitting L cool -mass relation (Equation 3). While the two sets of residuals are not strongly correlated, it may be worth noting the two clusters with large positive residuals in both concentration and cooling luminosity, RX J1347.5−1145 and SPT-CL J2344−4242. If the relatively efficient cooling at work in the centers of these clusters has an effect on the concentration of the dark matter as well as the gas, boosting the value of c, this would not be represented in the dark-matter-only simulations used to predict the c-M relation. (The closest analogs of these systems in simulations may, of course, still have greater than average concentration.) Concentration-mass estimates based on X-ray data, mostly for low-redshift clusters, show broad agreement with the mass dependence predicted from N-body simulations (Vikhlinin et al. 2006; Voigt & Fabian 2006; Zhang et al. 2006; Schmidt & Allen 2007; Amodeo et al. 2016 ). More recently, measurements based on weak gravitational lensing have become possible. Weak lensing shear alone can constrain concentrations only for stacks or ensembles of clusters, but individual cluster constraints are possible in combination with strong lensing or magnification. Our own analysis of weak lensing data for a subset of the clusters used in this work finds an ensemble average concentration of 3.0 +4.4 −1.8 (Paper IV), consistent with our X-ray results here within the statistical uncertainties. Results using strong and weak lensing by X-ray selected clusters (Okabe et al. 2013) and from stacked analyses of optically selected clusters (Mandelbaum et al. 2008; Du et al. 2015; Shan et al. 2015; van Uitert et al. 2016) are in broadly good agreement with our results. However, an arguably better comparison is with the lensing analyses of the CLASH sample of clusters (0.19 < z < 0.89), which mostly consists of relaxed or nearly relaxed clusters (by our definition). Using CLASH strong+weak lensing, Merten et al. (2015) found κm = −0.32 ± 0.18 and κ ζ = −0.14±0.52, consistent with our results; incorporating magnification, Umetsu et al. (2016) found κm = −0.44±0.19 while fixing κ ζ = −0.668.
We conclude that our concentration-mass estimates for relaxed clusters are in good agreement with simulations and previous measurements, given the expectation that we have selected dynamically similar, and, in particular, the most dynamically relaxed, clusters at all redshifts. Direct tests of that selection on simulated cluster images would not be straightforward, given the inability of current hydrodynamic simulations to reproduce the cores of relaxed clusters. However, the sensitivity of our results to a few strongly cooling clusters motivates doing so in future work, as well as expanding the relaxed cluster sample if possible.
Generalized NFW Mass Profiles
We next turn to constraints on the inner slope of the cluster mass profiles, as parametrized by the GNFW model. While a profile of the Einasto form is now known to provide a better description of simulated clusters over a large range in radii, the GNFW model still represents a simple modification of the baseline NFW model, and one that is arguably easier to interpret in light of the limited radial range of our data. N-body simulations generally place values of the inner slope of the GNFW profile, β (Equation 1 ), in the range 1.0-1.5, with β = 1 corresponding to the NFW model (Diemand et al. 2004 (Diemand et al. , 2005 Navarro et al. 2004; Tasitsiomi et al. 2004 ).
Unfortunately, due to its greater complexity compared to the NFW profile, the GNFW model cannot be fully con- strained for all of the clusters in our sample using the current data. In practice, the scale radius parameter becomes unconstrained, taking on very large values, while the inner slope becomes relatively steep, taking values roughly appropriate for the average of the profile in the observed region (i.e., ∼ −2). A straightforward way to eliminate these cases is to adopt the outer radius where the data can constrain the mass profile, rout, as an upper limit for the scale radius (when fitting the NFW profile, all scale radii are comfortably within the measured range). Those clusters for which the 95.4 per cent confidence interval for rs includes values > rout are removed from this portion of the analysis. We have checked that making this cut based on the 68.3 per cent confidence interval for rs does not change our results apart from tightening the constraints slightly (because fewer clusters are excluded). Thus, while this procedure at some level introduces the prior that the mass profiles not be too far from NFW, our results are not very sensitive to it. The left panel of Figure 3 shows these individual constraints (see also Table 1 ). Using the 20 clusters that pass this check, we fit a model for the average value of β and its cluster-to-cluster scatter, which we assume to be described by a Gaussian distribution with meanβ and width σ β . The joint constraints on these parameters are shown in the right panel of Figure 3 , and are consistent with the NFW value of β = 1. The marginalized constraints areβ = 1.02 ± 0.08 and σ β = 0.22 ± 0.07. We emphasize that the data used to fit this model do not extend all the way into the cluster centers, although they do include radii down to ∼ 0.1 rs (see Section 2).
Our analysis indicates that, on average, the NFW model provides a good description of the most relaxed clusters down to small radii. However, it also shows significant intrinsic scatter in β, at the ∼ 20 per cent level, even among the most relaxed clusters. Earlier work by Schmidt & Allen (2007) and Host & Hansen (2011) using X-ray observations reached similar conclusions on the mean value of β, respectively findingβ = 0.88
−0.31 and 0.98 <β < 1.19 (both 95 per cent confidence intervals). Neither of these authors fit for intrinsic scatter explicitly, but their results also pointed to its presence, to the extent that the scatter in individual-cluster constraints on β was not consistent with measurement uncertainties alone. More recently, Newman et al. (2013) also found inner mass profile slopes of massive clusters to be consistent with CDM-only predictions, using a combination of strong and weak gravitational lensing constraints, at radii where stars do not dominate the mass budget.
Einasto Mass Profiles
In detail, the cluster mass profile shapes in simulations have been found to be better described by a continuously changing power-law, such as the Einasto form (Equation 1), than by the NFW or GNFW models (e.g. Navarro et al. 2010) . Values of the shape parameter, α, seen in simulations are mass and redshift dependent; for massive clusters at z < ∼ 1, average values of ∼ 0.2-0.3 are typical (Gao et al. 2008; Dutton & Macciò 2014; Klypin et al. 2016 ). While we do not expect our data to be capable of distinguishing the GNFW and Einasto models, due to the limited radial range covered, it is nonetheless interesting to see how values of α measured from the X-ray data compare to these expectations.
Similarly to the GNFW case, degeneracies between model parameters prevent us from constraining the Einasto model for every cluster in our sample. We follow the same procedure as in Section 3.2 to remove from the analysis clusters where the scale radius of the Einasto model is not constrained. Unlike the GNFW case, the constraints on α for several of the remaining clusters are consistent with either the lower or upper bound of the uniform prior we adopt in the analysis, 0.01 α 0.75 (left panel of Figure 4 ). While this makes our results dependent on the width of this prior, in practice the effect is small; for example, our results below are nearly identical to those we would obtain with a tighter prior of 0.01 α 0.5.
As in the previous section, we fit a Gaussian model for the intrinsic distribution of Einasto shape parameters, parametrized byᾱ and σα. The results are shown in the right panel of Figure 4 ; the marginalized constraints arē α = 0.29 ± 0.04 and σα = 0.12 ± 0.04. Although the intrinsic scatter is relatively large, ∼ 40 per cent, the mean value of the shape parameter is within the range expected for the most massive galaxy clusters at low redshifts (Klypin et al. 2016) . Note that, for this value of α, the density profile is relatively similar to NFW over the range probed ( Figure 1) ; hence, this result is consistent with the value β ≈ 1 arrived at when fitting the GNFW model.
From their analysis of X-ray data for 11 clusters, Host & Hansen (2011) found 0.14 <ᾱ < 0.26 at 95 per cent confidence, with a best-fitting value of ∼ 0.2. This is somewhat smaller than our result, although we note that their cluster sample is also lower in mass on average (M200 ∼ 2 × 10 14 M⊙), such that these results are not necessarily in conflict.
CONCLUSION
We present constraints on mass profile models for massive, relaxed galaxy clusters based on an analysis of X-ray data from Chandra. This analysis assumes hydrostatic equilibrium between the ICM and the gravitational potential, and includes data only at cluster radii where we are confident that both departures from equilibrium and systematics due to background modeling are minimal.
Assuming the NFW mass profile model, the measured concentration-mass relation has a power-law slope with mass of κm = −0.16±0.07, consistent with CDM simulations of cosmological structure formation. The measured relation is consistent with being constant as a function of redshift, a feature that is not seen in simulations; however, this is plausibly the result of our selection of the most dynamically relaxed clusters at a given redshift. Simulations including gas physics, on which the same selection procedure is replicated, would be required to perform a completely fair comparison.
We detect an intrinsic scatter of σ ln c = 0.16 ± 0.03 in the concentration-mass relation. Two clear high-concentration outliers from the mean relation also have the largest central cooling luminosities in the sample, suggesting a role for baryonic physics in the scatter. However, the remaining clusters do not support a simple trend between concentration and cooling luminosity at fixed mass.
When fitting a GNFW mass profile, where the slope at small radii is a free parameter, we find an average value that is consistent with the NFW model,β = 1.02 ± 0.08. However, there is significant cluster-to-cluster scatter (σ β = 0.22 ± 0.07), even within the relaxed sample of clusters analyzed here. For the Einasto profile, we similarly measure a mean value,ᾱ = 0.29 ± 0.04, which is consistent with CDM predictions for clusters of the mass studied here. In this case, we measure a larger fractional intrinsic scatter, σα = 0.12 ± 0.04.
Overall, our results confirm that the mass distribution within the most massive halos is in agreement with CDM predictions. There are clear opportunities to improve this analysis in the future, both by finding additional highly relaxed clusters and obtaining deeper X-ray data (especially to better constrain 3-parameter models like the GNFW and Einasto models). Although it is beyond the scope of this work, X-ray data for dynamically relaxed clusters at intermediate radii can potentially be combined with weak lensing (at larger radii, > ∼ r500), and strong lensing or stellar velocity dispersions (at small radii, < ∼ 0.5r2500), in the vein of e.g. Newman et al. (2013) . While these additional data sets have their own challenges in the form of projection effects and velocity anisotropy, a careful combination for an appropriately chosen cluster sample potentially provides the most complete possible view of the mass distribution within clusters.
